The peach industry faces serious economic losses because of the short "green" life of the fruit at postharvest. In the present study, we investigated the effects of putrescine (PUT) application on the quality characteristics, pattern of ripening, storage behavior, and shelf life of peach fruit during low-temperature storage. The aqueous solution of PUT (0, 1, 2, and 3 mM) was applied onto the peach trees at three distinctive stages of fruit growth and development. The fruits, harvested at the commercial stage of maturity, were stored at 1 ± 1 °C and 90 ± 2% relative humidity for 6 weeks. The data for fruit firmness, total soluble solids (SSC), titratable acidity (TA), ascorbic acid (AsA) content, rate of ethylene production, chilling injury (CI) index, and color perception were collected at harvest and then on weekly basis throughout the storage period. The results showed that spray application of PUT significantly reduced the incidence of CI and reduced the rates of fruit softening, loss in fruit weight, SSC, TA, AsA content, and fading of skin color during storage, regardless of the doses of PUT applied or time of application. However, the positive effects on the quality characteristics of peach fruit, including CI, were more pronounced with the higher doses of PUT, specifically when applied at 2 mM. In conclusion, CI in peach fruit may be substantially alleviated by the spray application of 1-3 mM PUT during fruit growth without compromising the quality of the fruit for up to 6 weeks of low-temperature storage.
INTRODUCTION
Peach (Prunus persica L.) is considered as one of the most important stone fruit, and it has prodigious demands in the international market. It is one of the most important drupe fruits of Pakistan, and it is cultivated on an area of around 14700 ha that yields about 55800 tons of fruit annually [1] . During the past decade, the production of peach fruit has gained perceptible momentum worldwide, mainly because of the availability of low-chill cultivars and improved postharvest management practices [2] . Baluchistan and the northern areas of Pakistan are considered as peach hubs [3, 4] . Despite the munificent increase in peach-growing area, a variety of issues associated with the yield potential and quality of peach fruit at harvest and during storage still need to be resolved systematically [2] .
The ripening process of peach, like other climacteric fruits, is characterized by rapid increases in the rates of cellular respiration and ethylene production [5] that, in turn, cause substantial losses in the quality, including firmness, and are, thus, responsible for the shorter postharvest shelf life of the fruit. This ripening behavior of peach fruit epitomizes some serious constraints for efficient management practices such as postharvest handling, storage, and transportation. In addition to other strategies, pre-conditioning, intermittent warming, controlled atmosphere storage, and the use of semi-permeable/biodegradable coatings are some of the common postharvest practices used to The physiological loss in fruit weight (PLW), expressed as the percentage of initial fruit weight, was calculated using the following formula:
PLW (%) = (W1-W2) × 100/W1
Where, W1= initial weight, and W2= weight of peach fruit after different intervals during storage.
Fruit firmness
The flesh firmness was measured using the pared surface of peach fruit with a digital penetrometer, (Model BKD020; WEL, Willow Bank Electronics Ltd., Napier, New Zealand) fitted with an 8-mm plunger. The values were expressed in Newton (N) force, required to puncture the fruit flesh to a constant depth.
Fruit color
The color perception on the exterior sides along the equator of peach fruit was measured using a portable/hand-held chroma meter (CR-400; Konica Minolta 7 Sensing, Inc., Osaka, Japan) in Commission Internationale de L' Eclariage (CIE) units (L*, a*, and b*), as described by Shafiq and Singh [19] . Using the values of a* and b*, the chroma (C*) and hue angle of the fruit color were calculated [20] .
Fruit decay
The number of fruit showing lesions, rotting, or surface softening was counted at the end of the storage period. The results were expressed as the percentage (%) of decayed fruit.
SSC, TA, and AsA content
SSC of the juice freshly extracted from the composite fruit samples in each replication (n = 3)
were estimated with a portable refractometer (Model: FG-103, Chincan brand, Hangzhou Weiku Co.
Ltd., Zhegiang, China), and the results were expressed as °Brix. TA of the juice was gauged using the standard method [21] . AsA content of the fresh peach juice was estimated using the method previously described by [22] . Pulp of peach (5g) from ten fruits was ground using mortar and pestle with 5 mLof 1.0 % HCl and the mixture was then centrifuged for ten minutes at 10,000 rpm. The supernatant was used for AsA estimation. Absorbance of the extract was noted at 243 nm by the spectrophotometer (Model sp3000 plus, Optima Japan).
Rate of ethylene production
The rate of ethylene production by the peach fruit was assayed at harvest and then on weekly basis throughout the storage period. Three fruits from each replication were weighed together and maintained for 1 h in an airtight glass jar (head-space volume: 1 L) fitted with a rubber septum. After the incubation period, 1 mL of air was collected from the jar with a syringe through the rubber septum. The air sample was directly injected into the gas chromatograph (Agilent Technologies, 6890 N Network GC system, Palo Alto, CA, USA) fitted with a flame ionization detector. The thermal conditions of the column, injector, and detector were maintained as described previously [23] . The rate of ethylene production by the peach fruit was reported as μmol kg −1 h −1 .
Electrolyte leakage
The membrane integrity of skin discs from the peach fruit was estimated in terms of the relative rate of electrolyte leakage (EL), as described by Zheng et al. [24] with minor modifications. 15 skin-discs (8-mm diameter), excised from peach fruit (n = 3), were submerged in double de-ionized water (15 mL), vacuum infiltrated (30 min.) and shook for 2 hrs. Then, the initial electric conductance (EC0) of the sample was noted. Following digestion of the sample at 95 °C for 30 min, the final electric conductance (ECf) was noted. The percent EL was calculated by the following equation:
EL (%) = (EC0/ ECf) ×100
CI (internal browning)
The degree of CI was assessed by visual observation of the extent of flesh browning on the flat surface of the mesocarp in the peach fruit by cutting the fruit from the middle (along the axial diameter) after four week of storage, as described by Wang et al. [25] .
Economic analysis
Economics of different spray treatments is determined by BCR (benefit cost ratio). More BCR means the treatment is more cost effective and benefiting the farmers. BCR was estimated by formula: BCR = TR/TC, where TR and TC represent total revenue from experimental fruits and total cost of using each spray treatment, respectively.
Statistical analysis
The data collected using a completely randomized design were subjected to analysis of variance, and all the statistical analyses were performed with Statistix 8.1 software [26] . Multiple comparisons among the mean values were performed with Duncan's multiple range test, with the error level set at 5% [27].
RESULTS

PLW
The results confirmed a gradual but steady increase in the PLW of Flordaking peaches during the low-temperature storage for both the years under study (Table. 1). The increase in weight loss was more pronounced during the storage period of 4-6 weeks. After 6 weeks of cold storage, the minimum PLWs (14.66 and 21.68) were observed in the peach fruit harvested from the trees treated with 2 mM PUT, whereas the highest PLWs (35.16 and 34.66 ) were recorded in the fruit harvested from the control trees, in the year 2011 and 2012, respectively. In general, all PUT treatments significantly reduced the rate of weight loss in the peach fruit during the 6 weeks of low-temperature storage, regardless of the concentration of PUT and time of spray application.
Fruit firmness
The data collected during this study revealed that the peach fruit harvested from the PUT-treated trees were significantly firmer than those harvested from the untreated (control) trees at harvest (Table 1 ). In addition, the peach fruit from the PUT-treated trees maintained their flesh firmness during storage for significantly a longer period of time than those harvested from the control peach trees. At the end of the storage period (i.e., 6 weeks), the fruit harvested from the trees treated with 2 mM PUT exhibited 2.4-and 1.6-fold higher flesh firmness than those collected from control trees for 2011 and 2012, respectively. A rapid phase (the 1 st phase) of softening in the peach fruit was observed during the 1 st week of cold-storage, followed by a significantly slower rate of fruit softening (the 2 nd phase) during 2-3 weeks of storage, regardless of the treatments used, including the control. The 3 rd phase of rapid loss in fruit firmness was observed during 3-6 weeks of cold storage (Table 1) . At the end of cold storage, the peach fruit harvested from the PUT-treated trees maintained higher levels of flesh firmness, irrespective of the level/dose or time of PUT application. However, 2 mM PUT application proved to be significantly (P ≤ 0.05) a better treatment for maintaining the flesh firmness of peach fruit, compared to control as well as other treatments. 
Fruit color
It is evident from Table1 that the brightness (L* value) of peach skin decreased as the storage period increased (temperature: 1 ± 1 °C; RH: 90 ± 2%). The peach fruit treated with 2 mM PUT had significantly higher L* values than those subjected to other treatments, including the control, irrespective of the time of application during both of the experimental repetitions (2011 and 2012). The peach fruit collected from the control (untreated) trees had the lowest value of skin brightness at harvest as well as during the 6 weeks of cold storage. Foliar application of PUT was found to be effective in maintaining the degree of red blush (a* value) on the exterior of peach fruit during the low-temperature storage (Table 1) . At the end of 6 weeks of storage, the development of red/pink blush on the surface of the peach fruit was more profound than that observed immediately at harvest, regardless of the treatments used. The fruit collected from the peach trees treated with 2 mM PUT retained significantly a lower level of red blush (a* value) at the end of 6 weeks of storage, irrespective of the time of PUT application, for the years 2011 and 2012.
Proximate quality characteristics
The results of the present study revealed that PUT treatments significantly improved the quality attributes of Flordaking peaches, such as TA (Table 2 ) and AsA (Table 3) , whereas the SSC of the fruit was not affected ( Table 2) .
The results confirmed a gradual but steady increase in the SSC of peach fruit till the end of storage ( Table 2 ). The increase was more pronounced at the 4 th week of cold storage. At the end of storage period, the PUT treatments significantly maintained the SSC of the fruit (Table 2 ). After the 6 weeks of cold storage, a significantly lower level of SSC was recorded in the fruits harvested from the trees that received 2 mM PUT (Table 2 ) than in those harvested from the untreated peach trees, irrespective of the time of PUT application.
The peach fruit exhibited, relatively, a linear and gradual decrease in TA, unlike SSC, as the storage period increased (Table 2) , regardless of the PUT treatments. However, the fruit from the PUT-treated trees retained their TA for a longer period during low-temperature storage, regardless of the level and time of PUT application. It may be noted from the results ( Table 2 ) that 2 mM PUT application produced peach fruit with the highest TA, whereas the fruit from the untreated (control) trees had the lowest TA. However, at the end of the storage period, the fruit ripening index (SSC:TA) was significantly higher in the fruit collected from the untreated trees, whereas the peach fruit from the trees treated with 2 mM PUT had the lowest SSC:TA value.
The results of the present study demonstrated that an extended period of cold storage resulted in a linear (P ≤ 0.001) decrease in AsA content in peach fruit, regardless of the treatments used (Table  3) . However, PUT application significantly delayed the rate of decrease in the AsA level of the fruit, regardless of the dose and time of PUT application. It may be noted that the fruit from the trees treated with 2 mM PUT had around 1.7-fold higher AsA content than those treated with water only (control) at the end of the low-temperature storage, irrespective of the time of PUT application, during both of the experimental years under study. NS NS ** ** ** NS mM = millimoles, fw = fresh weight, Conc. = concentration, Strg. = storage, NS = non-significant, ** = highly significant, the means within a column having same letters are statistically non-significant using the Least Significant Difference (LSD) Test.
Ethylene biosynthesis
In the present study, an inverse relationship was observed between the spray application of PUT and the rate of ethylene production of peach fruit at harvest and during the entire period of cold-storage, irrespective of the time of PUT application (Table 3) . During storage, PUT application significantly reduced the rate of ethylene production in the fruit, regardless of the dose and time of PUT application. Perceptibly, 2 mM PUT application proved to be more efficient in reducing the rate of production of this ripening hormone in peaches. Although all treatments significantly lowered the ethylene climacteric peak but the lowest climacteric peaks (1.6-and 2.2-fold lower than control, during 2011 and 2012, respectively) were observed in the fruit treated with 2 mM PUT treatment.
CI (internal browning) and EL
The foliar application of PUT significantly delayed the onset of CI in the fruit by 4 weeks during the low-temperature storage, regardless of the dose and time of PUT foliar spray for both years ( Table 4 ). The highest CI index was observed in the fruit harvested from the control trees (0.23 and 0.45, respectively). Changes in the CI index of peach fruit were concomitant with those recorded for the EL from their skin discs (Table 3 ). In the present study, the lowest levels of EL from the peach skin were observed in the fruit collected from the trees treated with 2 mM PUT, irrespective of the time of spray application for the two consecutive years of experimentation.
Disease and decay incidence
The pre-harvest application of PUT significantly reduced the rate of disease/decay occurrence in the peach fruit during low-temperature storage, regardless of the rate and time of PUT application (Table 4) . During 2011, at the end of the storage period, the highest degree of disease/decay incidence (51%) was recorded in the fruit harvested from the untreated trees, whereas the foliar spray of PUT, applied at any stage of fruit growth/development, effectively reduced the occurrence of fruit disease/decay. In addition, 2 mM PUT application was found to be the most effective treatment in substantially reducing the rate of fruit disease/decay incidence in the peach cultivar Flordaking. While, during 2012, all the treatments were at par with each other in controlling the disease and decay index in stored peaches at low temperature (Table 4) . Table 4 . Effects of exogenous application of putrescine on the chilling injury index and the degree of disease/decay incidence in peach fruit during storage.
Putrescine (mM)
Chilling injury index 
DISCUSSION
In the present study, foliar application of PUT on peach trees resulted in significantly a slower rate of physiological loss of fruit weight, during low-temperature storage (Table 1) . These results were consistent with those previously reported by Tareen et al. [28, 29] for the same peach cultivar (Flordaking). Fresh produce such as fruits and vegetables maintain their functional, nutritional, textural, and physicochemical properties during extended storage periods, provided that these commodities exhibit slower rates of moisture loss [30] . The natural or uncontrolled phenomena of respiration and transpiration, along with the associated metabolic activities, are primarily responsible for the physiological loss of fruit weight during storage [31, 32] . Probably because of its anti-senescence properties [33] , PUT may have maintained the membrane stability or integrity of the epicuticular wax of peach fruit, thereby reducing the rate of moisture loss from the fruit during cold storage as demonstrated by Mirdehghan et al. [34] in pomegranate fruit.
Fruit softening is another important factor responsible for limiting the storage life of horticultural crops [35] . It is associated with deleterious changes in the metabolism of cell wall carbohydrates as well as the structural components of the cell wall [36] . These changes are triggered by the activities of hydrolytic enzymes [37] . In this study, maintenance of higher flesh firmness of the peach fruit in response to PUT application may be attributed to the reduced activities of the fruit-softening enzymes [18] . In this context, our results are consistent with those reported by Khan et al. [7] , Valero et al. [38] , Serrano et al. [13] , and Abu-Kpawoh et al. [39] for various plum cultivars.
The cosmetic appearance of fresh produce is one of the most important quality factors that dictate the buying decision of consumers and lays down the foundation for maturity indexes in many horticultural crops. The ripening phenomenon in fresh produce is meticulously associated with the degradation of photosynthetic pigments coupled with the concomitant increases in the levels of phenolic pigments. Similarly, storage regime substantially influences the cosmetic appearance, including visible color on the exterior. The slower changes in the brightness of color (L*; Table 1 ) and red blush (a*: Table 1 ) on the surface of peach fruit after PUT application may be ascribed to the delay in chlorophyll senescence with the reduced rate of fruit ripening. The application of PAs has been a successful production practice to ensure optimum color development on the fruit surface in many species such as lemon [40] , apricot [41] , and mango [42] .
The results show that the PUT treatments significantly slowed down the increase in SSC, which can be ascribed to its effect in delaying the conversion of starch into simple sugars and other impacts of PUT such as decreasing the weight loss and ethylene biosynthesis, hence delaying the ripening process.
Gupta and Jawandha [43] demonstrated that malic, citric, and quinic acids were the major organic acids found in peach fruit. These acids are converted to sugars as the storage period prolongs. It ultimately affectsthe qualitative and organoleptic characteristics of the fruit such as flavor and taste. Ripening increases the respiration rate, along with certain other metabolic activities, in climacteric fruits, causing an abrupt decrease in the levels of these organic acids [44] . Similar effects of different treatments were observed in case of SSC: TA (ratio) in the peach fruit during storage at low temperature. Slower and gradual increase in SSC and SSC: TA (ratio) in the fruit from the PUT-treated trees may be attributable to the antagonistic effects of PUT on ethylene biosynthesis ( Table 3 ) that, in turn, affect sugar/acid metabolism during ripening. The exogenous application of PAs has been reported to show similar results in various stone fruits [7, 42, 45] . The lower values of SSC: TA ratio in the fruits from the PUT-treated trees may be explained by the slower metabolic changes in organic acids and carbohydrates (sugars).These findings were consistent with those previously reported by Mirdehghan et al. [34] .
Yahia et al. [46] investigated the ripening-related dynamics of AsA and activities of ascorbate oxidase (AO) in tomato and bell pepper and reported a direct relationship between the two, suggesting the involvement of PAs in the biosynthesis and maintenance of AsA content. AsA is a well-known water-soluble vitamin which is sensitive to various environmental signals. It can readily be oxidized just by the brief exposure to oxygen, alkalinity, metals, heat, and light. AO is believed to be the key enzyme involved in the oxidation process. The results of the present study revealed that the foliar application of PUT upregulated the biosynthesis of AsA in the fruit (Table 3) , confirming the similar pattern of changes in AsA content previously reported by Yahia et al. [46] in tomato and bell pepper. Similarly, Mirdehghan et al. [34] reported higher levels of AsA content in pomegranate arils during storage in response to post-harvest application of PAs.
In the present study, the inhibition of ethylene biosynthesis by PUT application may indicate a stress response due to high amine concentrations, as reported by Flores [47] . The antagonistic effect of PAs (PUT, spermine and spermidine) on ethylene biosynthesis may be explained by their competition for the same precursor [48] . The inhibitory effect of PUT on the enzymes responsible for ethylene production could be another reason for the decrease in the ethylene peak [49] . This antagonistic effect of PAs on ethylene production has also been reported in a variety of fruits such as apricot [41] , peach [14] , plum [13] , kiwifruit [50] , and plum [51] .
In this study, the CI appeared in the form of flesh browning after 4 weeks of low temperature storage. Previously, Wang et al. [25] reported similar observations in peach fruit. Under the conditions that induce chilling disorders, the lipid fraction of the plasma membrane loses fluidity, which causes a series of changes in the permeability of cellular membrane [32] . Specifically, under thermal stress, cold acclimation has been shown to affect the fraction of unsaturated lipid content in pomegranate, suggesting its involvement in maintaining the integrity of the cell wall [52] . In response to the pre-harvest foliar applications of PUT, the skin membrane of the fruit maintained its integrity for a longer period of time during storage, as evidenced by reduced EL (Table 3 ) and the lower incidence of CI/flesh browning (Table 1) , in the present study. This sort of involvement of PAs in reducing lipid peroxidation/EL has previously been reported in rice crop grown under saline stress conditions [53] . The lower incidence of CI/decay in Flordaking peaches (Table 4 ) after 4 weeks of cold storage, in response to the spray application of PUT may also be attributed to the increased activities of highly coordinated biomolecules or improved defense system against potential pathogens [54] , as suggested by Poole and McLeod [55] in kiwi fruit, Yao and Tian [56] in sweet cherries, and Haggag [57] in beans. This effect of putrescine on controlling the disease and decay incidence in peach has already been reported by Bal [58] .
The economic analysis of the benefit cost ratio (BCR) of the present study (Table  5 )demonstrated that the spray application of lower doses (1-2 mM) of PUT is a cost effective management strategy in peach production. Though the BCR for 2 mM PUT was higher compared to other PUT treatments (1, and 3 mM) and control, while the net profit fetched by 3 mM PUT was also higher than that fetched by the spray application of 1 mM or water (control). 
